INTRODUCTION {#s1}
============

A focus on metazoans has commonized the view that sexual and asexual modes of reproduction are exclusive processes. However, the presence of mixed reproductive modes---in which individual organisms undergo both sexual and asexual reproduction---is common among eukaryotes. Until recently, the large number of fungi thought to be completely asexual stood in marked contrast to our understanding of sex in other eukaryotic lineages. A growing body of population genomic data, however, indicates that many fungal species have retained the ability to reproduce sexually and possess mixed reproductive modes, although the relative importance of sexual and asexual reproduction varies tremendously ([@B1], [@B2]). It is thought that a balance between the costs of sex ([@B3]) and the accumulation of deleterious mutations that are inevitable without recombination ([@B4]) has shaped the diversity of sexual strategies in fungi ([@B5]). Even when present, sex between closely related or identical individuals (e.g., selfing) may not be sufficient to avoid the accumulation of deleterious mutations, especially in haploid species ([@B6]). Species with mixed reproductive modes raise fundamental questions about how differences in frequency of sexual reproduction may impact the accumulation of mutations and thus their evolution.

Because of the mix of sexual and asexual reproduction, fungal populations often do not conform to simple population genetic models based on random mating ([@B7]). Even rare recombination in mostly asexual populations can give strong signatures of sex, as is evident from fungi that may reproduce sexually only on an annual basis ([@B8]). Understanding how much recombination is needed to purge deleterious mutations in these species is further complicated, as the relative frequencies of sexual and clonal reproduction may vary among different populations ([@B9]). Populations that differ in sexual frequency are often allopatric ([@B10], [@B11]), reflecting different environmentally related advantages/costs of sex (e.g., recombination load) ([@B12]). However, there is evidence that the heterothallic plant-pathogenic ascomycete Aspergillus flavus comprises several genetically isolated sympatric populations in the United States that appear to differ in their relative degrees of recombination and clonality ([@B13], [@B14]).

A. flavus, like many fungi that do not form macroscopic sexual structures, was long thought to be entirely asexual. Population genetic techniques eventually revealed that some recombination has occurred in A. flavus ([@B15], [@B16]), but populations often appear markedly clonal, with specific lineages (often defined by vegetative compatibility groups \[VCGs\]) frequently being sampled in different fields and years ([@B17]). However, high genotypic diversity is suggestive of some recombination between lineages ([@B18], [@B19]). Recently, mating between A. flavus isolates has been achieved in field experiments ([@B20], [@B21]) using extremely high population densities that better reflect artificial biocontrol conditions; i.e., higher densities of nonaflatoxigenic A. flavus propagules have been applied to agricultural fields than would normally exist under agricultural or natural conditions. The idea that A. flavus may be predominantly sexual ([@B21]) is difficult to reconcile with a large body of evidence about the predominantly asexual nature of this fungus. Importantly, these field studies occurred on very short timelines and thus do not capture whether the fitness of recombinant progeny is reduced by the disassociation of coadapted traits (i.e., recombination load), and thus sexual reproduction makes little contribution to the overall population. Estimates of sexual frequency from natural populations of A. flavus are complicated by apparent population structure. Failing to realize that populations are genetically subdivided can result in discordance between studies and can mistake genetic differentiation for asexuality within studies ([@B7], [@B22]). In A. flavus, inferences of population structure have used a small number of genetic markers ([@B14]) and/or analyzed samples from culture collections, not natural populations ([@B13], [@B15]), and are therefore not sufficient to distinguish inferences of sex from other factors, including selection, demography, and methodology. While some subdivision in the A. flavus population of the United States is evident, the importance of recombination within and between these populations to the extant population structure of this fungus remains unclear.

A. flavus is one of the main producers of aflatoxin, the most potent natural carcinogen known ([@B23][@B24][@B25]). An estimated 4.5 billion people are chronically exposed to aflatoxin by consuming contaminated food ([@B26]). However, only 40 to 60% of A. flavus isolates produce aflatoxin ([@B27]). This polymorphism is maintained through balancing selection ([@B28]), which may be mediated by the advantages of aflatoxin production in the presence of insects ([@B29]), and the cost of aflatoxin production when the organism competes with soil microbes in their absence ([@B30]). Even among aflatoxigenic isolates of A. flavus, levels of aflatoxin production often vary by several orders of magnitude ([@B27]). The observation of both a more clonal and a less clonal population of A. flavus ([@B13], [@B14]) raises the possibility that polymorphism for aflatoxin production may be driven in part by differences in the frequency of sex in these populations. In the less sexual population, the accumulation of mutations within the aflatoxin gene cluster that are not purged by recombination may result in decreased aflatoxin production. Indeed, Drott et al. ([@B30]) failed to amplify a genetic marker located in the aflatoxin gene cluster from several nonaflatoxigenic isolates, all from the more clonal population. This finding may suggest that previous observation of large deletions in the aflatoxin gene cluster of individual isolates ([@B28], [@B31]) may reflect a lack of recombination of a specific population cluster. We speculate that low aflatoxin producers may be selected against (maladaptive) under conditions favoring aflatoxin production. While quantitative levels of aflatoxin production are generally similar within a clonal lineage, large-scale population surveys of A. flavus in the United States either have not established phylogenetic relationships between isolates ([@B27], [@B32]) or have simply grouped isolates as aflatoxigenic or nonaflatoxigenic rather than examining quantitative differences ([@B14]). It is thus unclear if some of the variation in aflatoxin production can be explained by the accumulation of mutations that are not purged by recombination in clonal populations.

The overall objective of this study was to determine if there are differences in the extent of recombination between A. flavus populations in the United States and to investigate whether these differences impact the evolution of the aflatoxin gene cluster, explaining quantitative differences in aflatoxin production. Specifically, we tested the following hypotheses: (i) that population subdivision observed using microsatellite markers are recapitulated and refined by whole-genome sequencing data, (ii) that populations of A. flavus in the United States differ in their extent of recombination, and (iii) that population structure may explain some of the quantitative variation in aflatoxin production previously observed between lineages and that part of these differences can be explained by an accumulation of mutations.

RESULTS {#s2}
=======

Population structure. {#s2.1}
---------------------

All but one of the 95 isolates tested were confirmed as A. flavus, forming a single monophyletic clade with other known A. flavus and Aspergillus oryzae isolates. This clade was distinct from other closely related species (see Table S1 and Fig. S3 in reference [@B33]). The remaining isolate was identified as Aspergillus texensis, a recently described S-type species closely related to A. flavus ([@B34]). Measurements of sclerotia (\>400 μm in diameter) confirmed that all A. flavus populations comprise large (L-type) isolates (Fig. S4 in reference [@B33]). Isolates in all populations produced far fewer sclerotia than small (S-type) isolates, but those in population B (as defined in the next paragraph) produced significantly more than isolates in either population A or population C (Fig. S4 in reference [@B33]).

Analysis of the underlying population structure from discriminant analysis of principal components (DAPC) inferred three populations ([Fig. 1](#fig1){ref-type="fig"}; Fig. S5 in reference [@B33]). Two of these populations were previously described (populations A and B) using microsatellite markers ([@B14]). The third population (referred to here as population C), which is closely related to *A. oryzae* isolates (Fig. S6 in reference [@B33]), was not previously distinguished from population A. Populations B and C have markedly lower diversity than population A ([Table 1](#tab1){ref-type="table"}). All A. flavus isolates sampled in this study were part of what Geiser et al. ([@B15]) denoted group I, whereas the *A. texensis* isolate grouped with their group II. Some isolates of populations A and C fell into Geiser et al.'s ([@B15]) IB and IC clades. All population B isolates formed a new group from the IA clade, but the use of only three genes did not provide sufficient information to fully resolve populations (Fig. S7 in reference [@B33]). While population structure may also reflect species-level differentiation, *A. texensis*'s inclusion in group II (Fig. S7 in reference [@B33]) and relationships evident in our neighbor-net network (Fig. S6 in reference [@B33]) emphasize that genetic distances to this closely related species are of much larger magnitude than those we find between populations of A. flavus.

![Neighbor-net network of 94 Aspergillus flavus isolates collected in the United States based on 910,777 SNPs. The overall population is subdivided into three populations, A (green), B (red), and C (purple); S-type isolates (two isolates, 21 and 55, at the bottom center of the network) constituted a fourth population but were not colored as they were not included in population-level analyses. Branch tip labels refer to isolates defined in Table S1 (available in reference [@B33]). The network of population B is analyzed separately (shown in the lower left) to demonstrate that loops, which are indicative of recombination, are also present in this population although difficult to visualize in the large graph.](mBio.00963-20-f0001){#fig1}

###### 

Diversity statistics for three populations of Aspergillus flavus in the United States

  Population        Correction    No. of tests   *π* [^*a*^](#ngtab1.1){ref-type="table-fn"}   *θ* [^*b*^](#ngtab1.2){ref-type="table-fn"}   Tajima's *D*[^*c*^](#ngtab1.3){ref-type="table-fn"}
  ----------------- ------------- -------------- --------------------------------------------- --------------------------------------------- -----------------------------------------------------
  A                 Uncorrected   33             0.15752                                       0.002698                                      --0.0851
  Clone corrected   32            0.15825        0.002882                                      --0.099                                       
  B                 Uncorrected   48             0.04071                                       0.000176                                      --0.3714
  Clone corrected   37            0.04106        0.000185                                      --0.4407                                      
  C                 Uncorrected   11             0.05267                                       0.000132                                      0.8958
  Clone corrected   8             0.05566        0.000148                                      0.8377                                        

![](mBio.00963-20-t0001)

Nucleotide diversity was measured as π, the average number of differences between all possible pairwise comparisons of individuals within a population as defined by Nei and Li ([@B76]).

Population mutation rates are the number of polymorphic sites averaged across the number of sites in the reference genome.

Tajima's *D* ([@B59]) was calculated in sliding windows of 5,000 bp. Median values are presented as distributions and were not always normal.

We found weak evidence of genetic differentiation based on chemotype only in the full sample of population B, both as isolation by distance (*r *= 0.10, *P = *0.035) and as partitioning of genetic diversity (Ф~PT~ = 0.0365, *P = *0.01) (*P \> *0.10 for all other populations). However, these differences were not significant (*P \> *0.27) in clone-corrected samples. We interpret this lack of genetic differentiation between chemotypes after clone correction as evidence of recombination between aflatoxigenic and nonaflatoxigenic lineages and/or nonaflatoxigenic isolates arising relatively recently from aflatoxigenic isolates by mutation.

We found evidence of genetic differentiation related to sampling locations only in population A as partitioning of genetic diversity (*Ф*~PT~ = 0.07, *P = *0.01); evidence for isolation by distance was not as strong (*r *= 0.11, *P = *0.078). Clone correction had little impact on either of these effects. While we found no significant genetic differentiation related to sampling location within populations B or C (*P \> *0.20), 9 of 11 isolates from population C, including both aflatoxigenic isolates, were found in northern states (Pennsylvania, Indiana, and Iowa). The binomial probability of finding a similar or higher portion of northern isolates in such a sample is 0.0013. Two isolates in population C were sampled in the southern state of Florida, perhaps indicating long-distance migration. We suggest that selection may be a better explanation than restricted migration for the northern distribution of this population. While it has previously been found that the frequency of aflatoxin-producing A. flavus isolates has no association with latitude ([@B14]), the presence of a largely nonaflatoxigenic population in the north (population C), where A. flavus population density is remarkably low, raises questions about the potential role of aflatoxin in latitude-associated adaptation.

Recombination. {#s2.2}
--------------

We found that all 11 queried meiosis-related genes had conserved protein domains in all populations, suggesting that the ability to recombine sexually is intact. Consistently, mating type allele frequencies were indistinguishable from 0.5 in all three populations (0.46, 0.46, and 0.55 *MAT1-1* for populations A, B, and C, respectively) (Table S1 in reference [@B33]). We performed rarefaction analyses on estimates of recombination and linkage disequilibrium (LD) to validate comparisons between populations that differed in sample size and in total number of single nucleotide polymorphisms (SNPs) (see the supplemental methods in reference [@B33]). Rarefaction analysis using ClonalFrameML found that the median numbers of detectable recombination events were 14,985 for population A and 2,106, and 1,751 for populations B, and C, respectively. In a comparison of the relative contributions of recombination and mutation (*r/m*) to genetic diversity, we found the highest ratios in population C (9.25) and population A (4.09), with a slightly lower value found for population B (2.99) (Table S2 in reference [@B33]). Given the small sample size for population C, we hesitate to interpret this estimate and instead take this as evidence that recombination is an important evolutionary force in all populations, contributing severalfold more diversity than mutation alone.

Rarefaction analyses on estimates of LD decay after clone correction found that population A had the shortest median LD decay value (1,000 bp), followed by populations B (5,600) and C (12,300) ([Fig. 2](#fig2){ref-type="fig"}). The impact of sample size and number of SNPs on these estimates was evident, as LD decay in full samples (without rarefaction) decreased for all populations, A (200 bp), B (1,300 bp), and C (7,350 bp). These estimates are concordant with ClonalFrameML estimates of the number of recombination events and together constitute evidence of the most recombination in population A, followed by B and then C.

![Decay of the linkage disequilibrium (LD) as a function of genomic distance, measured as the correlation between two nucleotides (*r*^2^), from three populations of Aspergillus flavus sampled from the United States, A (green), B (red), and C (purple). To control for differences in sample size and number of SNPs, eight clone-corrected individuals and 50,000 SNPs were randomly sampled 60 times from each population. This plot represents the median decay values. Genomic distances are shown on a log scale. Arrows on the *x* axis indicate the points at which LD was half decayed for each population.](mBio.00963-20-f0002){#fig2}

Analyses of the site frequency spectrum. {#s2.3}
----------------------------------------

We found that all differences in Tajima's *D* among populations were highly significant (*P \< *0.001). While population A had a genome-wide Tajima's *D* value indicative of neutrality (−0.085), this estimate for population B was slightly negative (−0.44) ([Table 2](#tab2){ref-type="table"}). Negative values of Tajima's *D* can indicate recovery from a selective sweep (directional selection), recent population expansion, or uneven sampling across unrecognized population subdivisions. In population B, a relative increase (*G *= 163.1, *P \< *0.001) in the ratio of nonsynonymous to synonymous evolutionary changes (*dN/dS*) on polymorphic branches (0.269) compared to fixed branches (0.223) for the whole genome is consistent with our interpretation of Tajima's *D* indicating recent population expansion ([Table 2](#tab2){ref-type="table"}). This same pattern, however, was not found in the aflatoxin gene cluster (*G *= 0.94, *P = *0.332). The magnitude of this finding is likely decreased by our sampling strategy, which was biased against sampling multiple individuals from the same clone.

###### 

Comparison of *dN* and *dS* SNP ratios that are either fixed or polymorphic within three populations of Aspergillus flavus in the United States[^*a*^](#ngtab2.1){ref-type="table-fn"}

  Population   No. of tests   Biallelic SNPs    Fixed          Polymorphic         All                                                 
  ------------ -------------- ----------------- -------------- ------------------- --------------- ------------------- --------------- ---------------
  A            33 (24)        633,259 (1,563)   NA             NA                  NA              NA                  241,642 (888)   0.265 (0.185)
  B            48 (19)        329,900 (1,380)   13,778 (307)   0.223\* (0.200)     113,202 (489)   0.269\* (0.171)     126,980 (796)   0.263 (0.181)
  C            11 (2)         237,719 (980)     5,234 (139)    0.279\* (0.321\*)   85,018 (375)    0.244\* (0.126\*)   90,252 (514)    0.246 (0.166)
                                                                                                                                       
  Total        92 (45)        910,777 (3,295)                                                                                          

![](mBio.00963-20-t0002)

Ratios of *dN/dS* that are significantly different between fixed and polymorphic data sets are indicated with an asterisk. Results for SNPs in the aflatoxin gene cluster are in parentheses. NA, not applicable. As the number of fixed and polymorphic SNPs was determined pairwise between populations A and B as well as A and C, we did not calculate this value for population A.

Total number of SNPs in the coding regions only.

In contrast, population C had a positive value for Tajima's *D* (0.84). A relative decrease in the *dN/dS* of fixed branches (0.279) compared to polymorphic branches (0.244) (*G* = 41.5, *P* \< 0.001) ([Table 2](#tab2){ref-type="table"}) was also recapitulated in the aflatoxin gene cluster (*G* = 21.2, *P \< *0.001). Coupled with Tajima's *D* values, these results suggest a recent population bottleneck, perhaps caused by selection, without subsequent population expansion. However, we cannot rule out the possibility that the small sample size for this population may impact results for population C.

We looked for differences in the accumulations of deleterious mutations between populations and found that genome-wide estimates of *dN/dS* ratios were almost identical in A and B (0.265 and 0.263, respectively) and slightly lower in population C (0.246), a difference that may result from the small sample size for this population (*n *= 11) ([Table 2](#tab2){ref-type="table"}). Similarly, while the number of effective codons in highly expressed genes (HEGs) was notably lower than in all other genes, a finding that is consistent with codon optimization, there was no difference in the number of effective codons between populations (Fig. S8 in reference [@B33]). We note that *dN/dS* and codon optimization comparisons are often applied between species and may be of limited value when comparing population-level timescales. Nonetheless, together, these results suggest that the extent of recombination that we observed is sufficient to avoid the accumulation of deleterious mutations on the timescale on which these populations have been diverging.

In population B, we observed that of 29 nonaflatoxigenic isolates, 19 were missing the entire aflatoxin gene cluster, whereas another eight were missing the first 12 of 24 genes (*aflT* \[FungiDB accession no. [AFLA_139420](http://eupathdb.org/gene/AFLA_139420)\] through *verA* \[[AFLA_139280](http://eupathdb.org/gene/AFLA_139280)\]) (Table S1 in reference [@B33]). No genes were found to be deleted from the aflatoxin gene cluster in nonaflatoxigenic isolates from population A or C. Ratios of *dN/dS* in the aflatoxin gene cluster of aflatoxigenic isolates were similar between populations A and B (0.185 \[*n *= 24\] and 0.181 \[*n *= 19\], respectively). Because our sample contained only two aflatoxigenic isolates from population C, we did not interpret aflatoxin-related data from this population. We found eight SNPs that impacted stop codons in the aflatoxin gene cluster in population B and six in population A; two were common to both populations. Of these SNPs, five were fixed among aflatoxigenic isolates from population B, indicating that they do not prevent aflatoxin production (several of these occurred very late in the associated proteins), while none of those from population A were fixed. Although no one SNP appears to differentiate the populations, we speculate that the high allele frequencies of many SNPs, with and without high impact, in population B may affect aflatoxin production quantitatively. Consistently with this hypothesis, we find that aflatoxin production was significantly lower in aflatoxigenic isolates from population B than from population A (*P = *0.0038) ([Fig. 3](#fig3){ref-type="fig"}).

![Aflatoxin production of all clone-corrected aflatoxigenic Aspergillus flavus isolates from three populations sampled across the United States, A (*n *= 21), B (*n *= 13), and C (*n *= 1), and from S-strain isolates (*n *= 2). Isolates from population A produced significantly more aflatoxin than those from population B (*P = *0.0038). We did not compare the levels of production of aflatoxin from other groups, as sample sizes were small. Error bars represent the standard errors (SE).](mBio.00963-20-f0003){#fig3}

DISCUSSION {#s3}
==========

The A. flavus population in the United States was previously determined to be subdivided into two populations (A and B) using microsatellite markers ([@B14]). Here, using whole-genome sequencing, we demonstrate that one of these populations (A) is actually subdivided into two distinct populations (A and C). The divergence of population C from population A appears to be related to geographic distribution, as nine of the 11 isolates in population C were sampled from northern states (Iowa, Indiana, and Pennsylvania) where population densities of A. flavus are typically low ([@B14]). Population B, however, appears to have recently undergone population expansion and is distributed widely across the entire sampled range. This result raises the question of why population B has remained genetically isolated from population A, which has a similar geographic distribution. While meiotic machinery appears to be intact, we find less evidence of recombination in populations B and C than in A. However, even these low levels of recombination appear to be sufficient for purging potentially deleterious mutations on the timescale that these populations have been diverging. We suggest that the lack of evidence of recombination between populations A and B could be explained by the rarity of sex in general, and therefore the two populations may have maintained their identities by clonal reproduction.

Recombination is less apparent in populations B and C than in population A, as indicated by both LD decay rates and the number of recombination events inferred. Compared to LD decay rates from a range of fungal species compiled by Nieuwenhuis and James ([@B2]), we find that our estimates for population A (after rarefaction) and full-sample estimates for population B are closest to those for a population of Saccharomyces paradoxus ([@B35]). This comparison is consistent with previous characterizations of A. flavus population structure ([@B36]) because S. paradoxus populations also have clear clonal attributes, with some evidence of recombination. Tsai et al. ([@B11]) estimated that a European population of this yeast outcrossed approximately once every 100,000 mitotic generations. Notably, comparison full-sample estimates of LD decay to results of Nieuwenhuis and James ([@B2]) suggest that sex in population A is relatively frequent compared to that in many other fungal species. The extent of recombination in population A may have been masked in previous studies by unknowingly pooling individuals from the genetically isolated populations identified here. While such comparisons are useful for understanding the broad context of the sexuality that we observed in A. flavus populations, we urge caution as all measurements of the frequency of sex can be confounded by different sample sizes, selection, a lack of genetic equilibrium, and the demographic histories of sampled populations ([@B37]). Indeed, differences observed here between rarified and full data sets emphasize that the ability to detect recombination is affected by the sample size and diversity of populations; comparisons between studies that do not control for these variables must be interpreted cautiously. We note that recent suggestions of frequent recombination in A. flavus may, in part, reflect the biocontrol systems in which they were observed ([@B21]), not the entire A. flavus population. Indeed, the AF36 biocontrol strain studied here is derived from the more sexual population, A, and is associated with the most recent evidence of recombination (isolate 1 in [Fig. 1](#fig1){ref-type="fig"}; closed loops in this figure are indicative of recombination). However, it is unclear if this finding reflects recent sex with biocontrol strains. The ability to detect recent recombination is related to sampling parents or near parents ([@B38], [@B39]), and thus similar patterns may arise from the intentional introduction of huge numbers of propagules of biocontrol strains in the United States ([@B40]), which creates a sampling bias that may increase our ability to detect recombination in this lineage.

Given the relative rarity of recombination in populations B and C, we considered the possibility that these populations may accumulate deleterious mutations, which cannot be purged in the absence of sex. Gioti et al. ([@B6]) found that homothallic species of *Neurospora* had elevated *dN/dS* ratios and decreased codon optimization of highly expressed genes, which they interpreted as being a consequence of the failure to purge deleterious mutations in the absence of recombination. However, we did not find similar patterns in populations of A. flavus, regardless of the extent of recombination that we detected. We speculate that large-scale deletions in the aflatoxin gene cluster observed previously ([@B31], [@B41]) may reflect isolates from population B. While these large deletions could result from the accumulation of deleterious mutations and subsequent loss of genes, we find that genome-wide *dN/dS* ratios and evidence of codon optimization from aflatoxigenic isolates in this population are not consistent with the accretion of such mutations. Aflatoxin production by aflatoxigenic isolates was significantly lower in population B than in population A. However, we were unable to establish clear associations between specific SNPs and quantitative differences in aflatoxin production, as SNPs are often linked and/or fixed and unlinked genes are also known to regulate the aflatoxin gene cluster ([@B42]). Together we find no clear evidence that low aflatoxin production in population B reflects maladaptation. However, the low mean aflatoxin production of population B raises questions about the adaptive role of low aflatoxin production, although this finding may also reflect a founder affect, not adaptation.

Here, we find that L-type isolates of A. flavus in the eastern and central United States are divided into three distinct populations. While population B produces small amounts of aflatoxin, it is relatively closely related to S-type isolates that produce large amounts ([@B43]). Low aflatoxin production in population B may be caused by many fixed alleles in the aflatoxin gene cluster. We do not find evidence that these mutations or that deletions in the aflatoxin cluster are associated with an overall trend in genomic maladaptation from lack of sex. On the timescale that populations have been diverging, it appears that even low levels of sex are sufficient to avoid Muller's ratchet. Importantly, isolates from population B produce less aflatoxin than isolates from population A. We thus suggest that differentiating the population identities of strains in agricultural fields may be useful for understanding the potential threat of aflatoxin contamination. Our inferences of the number of recombination events and extent of recombination suggest that sex occurs more frequently in population A than in populations B and C. However, these differences may be confounded by population histories, with some populations being more recently derived or introduced and thus not being at equilibrium. Indeed, practically all methods for estimating the frequency of sex require assumptions of long-term equilibrium ([@B37]). We speculate that the rarity of sex in population B decreases the number of opportunities for populations to mix and thus may explain how sympatric populations A and B have maintained their identities, although we cannot rule out other possibilities, such as selection or infertility.

MATERIALS AND METHODS {#s4}
=====================

Sampling of A. flavus isolates. {#s4.1}
-------------------------------

A. flavus comprises both large (L-type) and small (S-type) sclerotium-producing isolates. In this paper, we focus on L-type isolates, as they are more common and widely distributed in the United States. We used 93 isolates collected previously ([@B14]) from maize field soil in seven states forming both an eastern (Pennsylvania, North Carolina, Florida) and a central (Indiana, Iowa, Oklahoma, and Texas) north-south transect (see Table S1 and Fig. S1 in reference [@B33]). Aflatoxin chemotype was previously determined for all isolates based solely on detection of aflatoxin B~1~ ([@B14]). We took a stratified random sample of 90 isolates from 161 L-type isolates that had been genotyped and sorted into two populations using 10 microsatellite markers ([@B14]). This sample maximized differences in sampling location, chemotype, and multilocus genotypes (MLGs) and sampled evenly from the two known populations ([@B14]). We sampled an MLG only once per state under the assumption that isolates in the same MLG are likely to have nearly identical genomes. We also sequenced three previously uncharacterized S-type isolates ([@B14]) and isolates NRRL3357 and AF36 (NRRL18543), which were obtained from the USDA Agricultural Research Service Culture Collection (Peoria, IL).

DNA extraction and sequencing of A. flavus isolates. {#s4.2}
----------------------------------------------------

Genomic DNA was extracted from lyophilized tissue of all 95 isolates using phenol-chloroform, as with methods described by Drott et al. ([@B29]; supplemental methods in reference [@B33]). Genomic DNA libraries were prepared by Cornell Biotechnology Resource Center Genomics Facility (BRC) using materials and methods equivalent to those used for TruSeq PCR-free library prep (Illumina, San Diego, CA) with eight rounds of PCR. Pooled libraries were sequenced by BRC using an Illumina HiSeq 2500 (Illumina) paired-end 2× 250-bp platform.

Sequencing and annotation of the NRRL3357 reference genome. {#s4.3}
-----------------------------------------------------------

The NRRL3357 genome was resequenced using a combination of PacBio (Pacific Biosciences, Menlo Park, CA) and Nanopore (Nanopore Technologies, Oxford, UK) long reads and Illumina short-read technologies to generate a high-quality reference genome sequence (supplemental methods in reference [@B33]). The final *de novo* assembly consisted of eight gapless scaffolds that represent A. flavus chromosomes with ∼99.99% of bases confirmed. This assembly represents the most complete A. flavus genome assembly generated to date. FGENESH++ 7.2.2 (Softberry Inc., Mount Kisco, NY) was used to reannotate the NRRL3357 genome using a combination of *ab initio* (Fgenesh) and protein homology-based (Fgenesh+) methods.

Variant calling and genome assembly. {#s4.4}
------------------------------------

Short reads were quality controlled by using BBMap v38.32 ([@B44]), and resulting reads were aligned to the NRRL3357 reference genome using BWA mem v0.7.17 ([@B45]). Variants were called using Genome Analysis Toolkit v4.0.12.0 ([@B46]) using the best practices pipeline (<https://software.broadinstitute.org/gatk/best-practices/workflow?id=11145>) while integrating customized hard-filtering parameters for nonmodel organisms. Variants that failed filtration, fell within centromeric regions, or had more than three times the average read depth were removed using VCFtools v1.9 ([@B47]).

Genomes were assembled using SPAdes v3.5.0 ([@B48]), and resulting assembly qualities were confirmed using QUAST v3.2 ([@B49]) and BUSCO v3.0.2 ([@B50]). The average assembly had an *N*~50~ of 185 kb, a read depth of 36.5, and contained 98.4% of BUSCO results. Annotation of resulting assemblies was done using Augustus v3.3.2 ([@B51]) trained on *A*. *oryzae* gene models.

Species identification and phenotyping of A. flavus isolates. {#s4.5}
-------------------------------------------------------------

We confirmed species-level identification by comparing sequence data from the housekeeping genes *cmdA* ([EF661508](https://www.ncbi.nlm.nih.gov/nuccore/EF661508)), *benA* ([EF661485](https://www.ncbi.nlm.nih.gov/nuccore/EF661485)), and *RPB2* ([EF661440](https://www.ncbi.nlm.nih.gov/nuccore/EF661440)) and the internal transcribed spacer (ITS) ribosomal DNA (rDNA) ([AF027863](https://www.ncbi.nlm.nih.gov/nuccore/AF027863)) to sequences from other species in *Aspergillus* section *Flavi* ([@B52]). To establish congruence with previous work on A. flavus population structure, we identified the *omtA* ([AF036808](https://www.ncbi.nlm.nih.gov/nuccore/AF036808)), *amdS* ([AF036768](https://www.ncbi.nlm.nih.gov/nuccore/AF036768)), and *trpC* ([AF036851](https://www.ncbi.nlm.nih.gov/nuccore/AF036851)) genes used by Geiser et al. ([@B15]) and incorporated existing whole-genome sequence data from five isolates of the closely related Aspergillus oryzae (which is thought to have been domesticated from A. flavus ∼3,000 years ago for use in fermentation, e.g., for soy sauce \[[@B53]\]) from the work of Gibbons et al. ([@B54]).

To confirm L-type morphology, we grew two S-type isolates and a subset of 11 randomly selected clone-corrected isolates from each of three identified populations (described below) on both potato dextrose agar (PDA; Difco Laboratories, Detroit, MI) and Czapex-Dox agar (Difco Laboratories) at 30°C. After seven days, the total number of sclerotia was counted, and when possible, 30 randomly selected sclerotia per plate were measured under a dissecting microscope.

To estimate aflatoxin production, we grew 37 clone-corrected aflatoxigenic isolates on PDA at 30°C for 14 days. Aflatoxin was extracted and quantified by high-performance liquid chromatography (HPLC) with UV detection using methods similar to those described previously ([@B55]). Differences in aflatoxin production were determined on log-transformed data using a two-tailed *t* test after performing a Shapiro-Wilk test for normality.

Population structure and population-level metrics. {#s4.6}
--------------------------------------------------

To confirm previous inferences of population structure ([@B14]), we analyzed SNPs using the non-model-based multivariate discriminant analysis of principal components (DAPC) from adegenet v2.1.1 ([@B56]) implemented in R v3.5.2 ([@B57]) according to procedures outlined in the adegenet tutorial ([@B58]). The genetic relationship between individuals was mapped in a neighbor network using SplitsTree v4.14.8 ([@B59]). To identify clonal isolates, we calculated genetic distances in poppr v2.8.3 ([@B60]).

We determined whether genetic differences between isolates were associated with differences in isolate sampling location (states) and with differences in isolate aflatoxin chemotype using a Mantel test with 1,000 permutations in ade4 v1.7-13 ([@B61]) and using an analysis of molecular variance (AMOVA) in poppr ([@B60]). Nucleotide diversity, *π*, and population mutation rate, *θ*, were estimated in TASSEL v5.2.51 ([@B62]) from a data set of all biallelic SNPs with no missing data. Additionally, Tajima's *D* ([@B63]) was calculated in nonoverlapping sliding windows of 5,000 bp across the entire genome using VCFtools ([@B47]). Significant differences in Tajima's *D* among populations were determined using a Mann-Whitney U test, as done previously ([@B64]).

Evidence of recombination. {#s4.7}
--------------------------

We used ClonalFrameML v1.11-3 ([@B65]) to detect and quantify the number of recombination events, with phylogenetic relationships generated using RAxML v8.2.1 ([@B66]) as described previously ([@B67], [@B68]). Additionally, we interpreted ClonalFrameML estimates of the ratio of the recombination rate to the mutation rate (*R*/θ), the average size of recombination events (δ), the average divergence between donor and recipient (*v*), and the relative importance of recombination and mutation (*r/m*), which is calculated as the product of these three estimates (Table S2 in reference [@B33]). Complementarily, we measured linkage disequilibrium (LD) decay using PLINK v1.90b6.8 ([@B69]), as described previously ([@B2]). In order to facilitate comparisons between populations with different samples sizes and numbers of SNPs, we performed rarefaction analyses for both ClonalFrameML counts of recombination events (Fig. S2 in reference [@B33]) and LD decay analyses (see the supplemental methods in reference [@B33]).

We determined the mating type of each individual by querying each genome sequence using blastn. Additionally, we assessed whether the protein domains of 11 meiosis-related genes ([@B70]) were conserved using the Conserved Domains Tool of the NCBI.

Analyses of site frequency spectrum. {#s4.8}
------------------------------------

SNPs were annotated as being synonymous, nonsynonymous, or of high impact (inserting or removing a stop codon) using SnpEff v4.3 ([@B71]). Counts of nonsynonymous and synonymous SNPs were converted into *dN* and *dS* using the Nei-Gojobori method ([@B72]) with the Jukes-Cantor correction ([@B73]). We used the McDonald-Kreitman test to compare the rates of nonsynonymous and synonymous sites that are fixed for different alleles between populations or that are polymorphic in one or both populations. The premise of this test is that *dN/dS* ratios should be similar in fixed sites that manifest in the branches between populations compared to those for polymorphic sites that manifest on branches within a population ([@B74]). We used a G test to interpret the significance of *dN/dS* ratios between fixed and polymorphic branches.

To understand the potential effects of reduced recombination in some populations we investigated the possibility that synonymous mutations, while "silent," may result in a loss of codon optimization. Two data sets from RNA sequencing (RNA-seq) of A. flavus grown at two temperatures (28 and 37°C) were obtained from previous work ([@B75]) and used to assess codon optimization across all genes and a subset of highly expressed genes (HEGs), as done previously (Gioti et al. \[[@B6]\]) (see the supplemental methods in reference [@B33]).

Data availability. {#s4.9}
------------------

Raw reads for all 95 isolates analyzed here are available in GenBank (BioProject accession no. [PRJNA639008](https://www.ncbi.nlm.nih.gov/bioproject/PRJNA639008/)). The final scaffolds of the NRRL3357 reference genome have been deposited in GenBank under BioProject accession number [PRJNA575750](https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA575750) with associated sequence data available under BioProject accession number [PRJNA637788](https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA637788). Gene models for the reference genome are available, as are supplemental figures, tables, and methods in reference [@B33].
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